According to the social decision-making (SDM) network hypothesis, SDM is encoded in a network of forebrain and midbrain structures in a distributed and dynamic fashion, such that the expression of a given social behaviour is better reflected by the overall profile of activation across the different loci rather than by the activity of a single node. This proposal has the implicit assumption that SDM relies on integration across brain regions, rather than on regional specialization. Here we tested the occurrence of functional localization and of functional connectivity in the SDM network. For this purpose we used zebrafish to map different social behaviour states into patterns of neuronal activity, as indicated by the expression of the immediate early genes c-fos and egr-1, across the SDM network. The results did not support functional localization, as some loci had similar patterns of activity associated with different social behaviour states, and showed socially driven changes in functional connectivity. Thus, this study provides functional support to the SDM network hypothesis and suggests that the neural context in which a given node of the network is operating (i.e. the state of its interconnected areas) is central to its functional relevance.
Introduction
Social decision-making (SDM) involves the integration of multimodal sensory information about social status and social context with previous experience in order to produce an appropriate behavioural response that is adjusted to the perceived social environment. Therefore, social decisions are expected to rely on multiple neural circuits, rather than being controlled by one specific brain region. In line with this argument, an evolutionarily conserved SDM network, composed of two interconnected neural circuits-the social behaviour network [1, 2] and the mesolimbic reward circuit [3] -has been proposed to underlie the expression of social behaviour across vertebrates [4, 5] . Social information would be encoded in this network of forebrain and midbrain nuclei with reciprocal connections in a distributed and dynamic fashion, such that the expression of a given social behaviour would be better reflected by the overall profile of activation across the different loci in the network rather than by the activity of a single node, and different combinations of activation across nodes and variation in the strength of the connections among them would generate an almost infinite variation in social behaviour [6] . Although the SDM network has been proposed on functional grounds, most of its current support is based on structural evidence, namely on the expression of genetic markers, hormone receptors and neurochemical/neurotransmitter systems that allow the establishment of homologies of its constitutive loci across taxa, as well as on patterns of reciprocal neuronal connections, that confirm the occurrence of structural (anatomical) connectivity among loci [4, 7] .
From a functional perspective, the establishment of the SDM network as a valid neurobiological construct requires the understanding of how social information is being mapped into the brain. Two hypotheses of brain function & 2015 The Author(s) Published by the Royal Society. All rights reserved.
are currently available in systems neuroscience: (i) functional specialization, which proposes that different brain regions are engaged in different cognitive functions/behaviours; [8] and (ii) functional connectivity, which postulates that specific cognitive functions/behaviours are mediated by a diffuse network of interacting brain regions [9, 10] . Therefore, when two experimental conditions are compared that differ in a specific cognitive function/behaviour, the former hypothesis predicts differences in activity level between the areas relevant for that specific task, whereas the latter hypothesis predicts changes in the covariance in activity levels between different brain areas relevant for the task. Although these two hypotheses have historically been seen as antagonistic, they are not necessarily mutually exclusive as the functional relevance of a specific brain region may depend on the functional state of their connecting areas (i.e. its neural context [11, 12] ). In the scope of the SDM network, this hypothesis would predict that each node of the network can participate in several social behaviours through its interactions with other nodes. Therefore, both changes in activity levels in specific nodes of the SDM network and changes in its functional connectivity can be predicted in relation to relevant social stimuli. However, the key hypothesis to be tested for the functional validation of the SDM network is the occurrence of flexible functional connectivity across the network.
So far most studies that have mapped social behaviour into patterns of brain activity have only implicitly addressed the functional localization hypothesis by documenting changes in the activity or expression of molecular markers of neuronal activity (e.g. cytochrome oxidase or immediate early genes, respectively) in specific network nodes (e.g. fish [13] ; birds [14, 15] ; mammals [16] ). In fact, only a few studies have so far established links between functional connectivity and the expression of social behaviour states. For example, it has been shown that leopard geckos (Eublepharis macularis), a species with temperature-dependent sex determination, incubated at either male-or female-biased temperatures develop more or less aggressive behaviour, which is paralleled by different patterns of functional connectivity across the SDM network [17] . Also, in male green anoles (Anolis carolinensis), exposure to video playbacks of displaying competitors elicited aggressive displays reflected in differentially connected neural networks [18] . Finally, male tú ngara frogs (Physalaemus pustulosus) exposed to the playback of relevant social calls also show changes in functional connectivity among hypothalamic nuclei [19] . However, these papers pre-date the SDM network proposal, and therefore only nodes from the social behaviour network or subsets of hypothalamic-lymbic nuclei have been considered. This means that the functional validation of the SDM network across vertebrates is still lacking.
In this study, we tested both the functional localization hypothesis and the functional connectivity hypothesis regarding the mapping of social behaviour into brain activity in the SDM network. For this purpose, we characterized the expression of two immediate early genes (c-fos and egr-1), as transient markers of neuronal activity [20, 21] , across selected nodes of the SDM network in male zebrafish in relation to the outcome of agonistic interactions. Zebrafish were used as a study model given their relevance as potential model organisms in social neuroscience [22] . Adult zebrafish are highly social, expressing a strong preference for shoaling with conspecifics [23 -25] . However, despite this affiliative motivation, males also express aggressive behaviour when competing for resources [26, 27] . Four social treatments were used: winners and losers of real-opponent interactions; mirror-fighters, which expressed agonistic behaviour towards their own image in the mirror but did not experience either a victory or a defeat; and non-interacting males, as a non-social reference group. In order to test the functional localization hypothesis, we tested for differences in immediate early gene (IEG) expression between each of the three social groups and the non-social reference group at each node of the SDM network. In order to test for the functional localization hypothesis, co-activation matrices (i.e. correlation matrices for the levels of IEG expression across the nodes of the network within each treatment) were compared across social treatments. The use of the mirror treatment was intended to help to discriminate between perceptual and motor influences in the pattern of activity of the SDM network. Fish do not recognize themselves on a mirror, and attack their own image as if it is an intruder [28] . In zebrafish, mirror fights elicit similar levels of aggressive behaviour to those observed in real-opponent fights [29] . However, as submissive behaviour is never expressed by the mirror image, no information on fight outcome is perceived. Thus, as mirrorfighters express a behaviour output similar to that of winners but perceive different responses in the opponent (i.e. submission in the case of the winner; aggression in the case of the mirror-fighter), shared patterns of SDM network between these two groups should reflect motor output, whereas differences should be due to differences in either perception or associative processing of social information.
Material and methods (a) Fish housing
All subjects used in this experiment were adult wild-type (AB) zebrafish bred and held at Instituto Gulbenkian de Ciência (IGC, Oeiras, Portugal). Fish were kept at 288C with a 14 L : 10 D photoperiod in a recirculating system (ZebraTec, 93 Tecniplast). Fish were fed twice a day, except on the day of the experiments.
(b) Social treatments
To create different social behaviour states we used a previously described short-term agonistic paradigm [27, 29] . In brief, adult males were paired in dyads matched for body size (mean + s.e.m.: 0.4 + 0.015 g) and placed, as pairs, in an experimental arena (5 Â 8 Â 6 cm) divided in two halves by one or more removable opaque partition(s) (see below). Therefore, there were two fish per tank, one on each side of the partition, which were kept overnight in visual isolation. At the start of the experiment one or more of the partitions were removed, and the fish were allowed to interact for a period of 30 min. Three social treatments were used: (i) fighting a real-opponent conspecific, where there was a single opaque PVC partition separating the two fish, which was removed; (ii) fighting their own image on a mirror, where there were two mirrors placed back to back, each facing one of the compartments, behind opaque partitions (the partitions were removed to uncover the mirrors); and (iii) no agonistic interaction, where there were three central opaque partitions, and only the outer two were removed (to control for putative stress effects of handling partitions in the experimental tanks). These social treatments generated four social behaviour states: winners (W, n ¼ 12) and losers (L, n ¼ 13) of the real-opponent interaction; fighters of unresolved interactions (i.e. mirror-fighters, M, n ¼ 11); and fish with no social interaction (i.e. visual isolation, rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20151099 I, n ¼ 12). All animals were tested in pairs in order to give them access to conspecific odours, which would otherwise only be present in real-opponent dyads, therefore avoiding confounding effects of putative chemical cues. Behavioural interactions were video-recorded for subsequent behavioural analysis.
(c) Microdissection of regions of interest in the brain
Immediately after the interaction, fish were anaesthetized with an overdose of tricaine solution (MS222, Pharmaq; 500-1000 mg l 21 ) followed by rapid decapitation. Heads were embedded in mounting media (OCT Compound, Tissue-Tek, Sakura] and rapidly frozen on dry ice. Brains were sectioned in coronal plane at 150 mm on a cryostat (Leica CM 3050 S) and sections were collected onto regular glass slides previously cleaned with 70% ethanol. Regions of interest, identified using the zebrafish brain atlas [30] , were then microdissected under a stereoscope (Zeiss Stemi 2000; see the electronic supplementary material for details). For logistical reasons we could not sample the 12 nuclei of the SDM network [4] , hence we selected the following subset of five nuclei representative of the two sub-networks: the medial zone of the dorsal telencephalic area (Dm, putative homologue of the mammalian basolateral amygdala) and the lateral zone of the dorsal telencephalic area (Dl, putative homologue of the mammalian hippocampus), from the mesolimbic reward system; the preoptic area (POA) from the social behaviour network; and the ventral nucleus of the ventral telencephalic area (Vv, putative homologue of the mammalian lateral septum) and the supracommissural nucleus of the ventral telencephalic area (Vs, putative homologue of the mammalian medial extended amygdala and the bed nucleus of the stria terminalis), common to both sub-networks [4] . Tissue was collected directly into lysis buffer (RNeasy Lipid Tissue Mini Kit, Qiagen) and stored at 2808C until mRNA extraction.
(d) Gene expression analysis
Total RNA was isolated from brain nuclei using the RNeasy Lipid Tissue Mini Kit with some adjustments to the manufacturer's instructions (see the electronic supplementary material for details). RNA from each sample was then reverse transcribed to cDNA (iScript cDNA Synthesis Kit, Biorad) in accordance with manufacturer's instructions and diluted 1 : 10 before being used as a template for quantitative polymerase chain reactions (RT-PCR) of c-fos and egr-1, using the eukaryotic translation elongation factor 1 alpha 1, like 1 (eef1a1l1) as a reference gene (see the electronic supplementary material for details, especially table S1 for primer sequences). Fluorescence cycle thresholds (CT) were automatically measured (Biosystems 7900HT Fast thermocycler) and the relative expression of the target genes calculated using the 2 2DCt method [31] .
(e) Behavioural observations
Behavioural analysis was conducted using a computerized multi-event recorder (Observer XT, Noldus, Wageningen, The Netherlands), and the zebrafish aggressive behaviour ethogram [27] was used as a reference to identify both aggressive (bite, chase and strike) and submissive (freeze and flee) behaviours.
As we were only interested in the behavioural outputs resultant from the different social treatments, and not in the interaction per se, we only analysed the post-resolution phase of the fight (last 5 min of the 30 min interaction), when the different social behaviour states (i.e. winners, losers, mirror-fighters and isolation) can be easily identified.
(f ) Statistical analysis
The effect of the relevant social contexts (i.e. mirror-fighters versus winners) in aggressive behaviours was assessed using a t-test.
The overall effects of social behaviour state (winners, losers, mirror-fighters and isolation) and brain nuclei (Dm, Dl, Vv, Vs, POA) in c-fos and egr-1 expression were assessed using linear mixed models (LMMs). As the data for winners and losers come from the same interaction, it cannot be considered independent, and a within-pair design is needed to compare these two social behaviour states [32] . On the other hand, the other two behavioural states (i.e. isolation and mirror-fighters) did not have an opponent, and thus a between-subject design is appropriate. In order to incorporate these two perspectives in the LMM analysis, two random effects were used: one for the subjects and another for the winner -loser dyads. Parametric assumptions were checked using Shapiro-Wilk and JarqueBera adjusted multiplier tests to test for normality, Bartlett, Levene and Fligner -Killeen tests to test for homoscedasticity, and plots of the residuals, fitted values and estimated random effects in the LMM. Gene expression data were log-transformed before the analyses to fit parametric assumptions.
To test the functional localization hypothesis, planned comparisons were used to measure the effect of each social behaviour state (winners, losers or mirror-fighters versus isolation ¼ reference group) on the activation (i.e. IEGs expression) of each brain nucleus. Planned comparisons among social behaviour states within each brain nucleus were also computed to test for socially driven differential activation.
To test for functional connectivity, Pearson product moment correlations were computed between the IEG expression in each pair of brain nuclei for each social behaviour state. These correlations were considered as indicative of co-activation between nuclei, in that positive correlations correspond to phasic activity and negative correlations to out-of-phase activity. Visual analyses of co-activations between nuclei were performed using heatmaps of the correlation matrices. The occurrence of different patterns of functional connectivity associated with different social behaviour states was assessed by testing the association between any two matrices using the quadratic assignment procedure (QAP) correlation test with 5000 permutations [33] . The null hypothesis of the QAP test is that there is no association between matrices. Thus, a non-significant p-value indicates that the correlation matrices are different. The occurrence of functional sub-networks within the SDM network in each social behaviour state was assessed by clustering analysis of brain areas according to correlations among them. The silhouettebased partitioning around medoids (PAM) method was used to check for clusters, and the strength of a cluster was interpreted from its average silhouette (AS) [34] . The number of clusters to consider was calculated by maximizing the average AS for all possible number of clusters (2, 3 or 4). Finally, we have also estimated two measures of network structure (i.e. centrality and cohesion) to characterize the SDM networks underlying each social behaviour state. Eigenvector centrality, which takes into account the number of direct connections that a node has and how well connected its relations are, was used as a measure of centrality; density, the proportion of all possible connections that are present in the network, was used as a measure of cohesion [35] . In order to compare the density of connections among behavioural states (differences in the mean strengths of the relation between two nuclei), we used a bootstrap t-test approach with 5000 sub-samples.
Sample sizes varied either due to technical problems or to outlier values, identified for each condition with the generalized extreme studentized deviate procedure with p ¼ 0.05 and a maximum number of outliers of 20% of the sample size (see electronic supplementary material, table S2 for detailed information on sample sizes). Statistical analyses were performed on R (www.R-project.org) using the following packages: car (Levene test), cluster (PAM), fBasics (Jarque-Bera test), Hmisc (correlations), lattice (heatmaps), multcomp ( planned comparisons) rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20151099 and nlme (LMMs). The network analysis parameters were estimated using UCINET v. 6 [36] . Network representations were produced using Python.
Results (a) Social behaviour states
As expected, the agonistic paradigm produced four social behaviour states. In real-opponent interactions, social hierarchies emerged where fish expressing two social behaviour states can be clearly identified: winners that only display aggressive behaviours (80.2 + 9.02 acts/5 min) and losers that only display submissive behaviours (46.9 + 6.19 acts/ 5 min). Mirror-fighters only displayed aggressive behaviours, at a frequency (59 + 12.8 acts/5 min) that was not significantly different from that displayed by the winners of the real-opponent interaction (t 19 ¼ 21.39, p . 0.05). However, in this treatment, the fight between the focal fish and its mirror image was symmetric and no dominance relationship was established (i.e. the focal expresses as much aggressive behaviour than it receives from the mirror image). Therefore, we considered mirror-fighters as a separate social behaviour state that did not achieve a dominant status despite expressing similar levels of aggression to winners.
(b) Effect of social behaviour state and brain region on immediate early gene expression
There were significant main effects of social behaviour state and brain nuclei both on c-fos and on egr-1 expression levels, and the interaction between these two factors was not significant for either of the genes (table 1) . The main effect of social behaviour state on c-fos expression was due to significant differences among all behaviour states (table 1) . The main effect of social behaviour state on egr-1 expression was related to a close to significant difference between non-interacting fish and winners, and between non-interacting fish and losers (table 1) . For both genes the main effect of brain nuclei was due to significant differences between Vs and all other brain nuclei. For egr-1, there was also a significant difference between Dl and POA (table 1) .
(c) Differences in functional localization among social behaviour states across the social decision-making network
Planned comparison analyses revealed a significant increase in c-fos expression in all nuclei for all social behaviour states (mirror-fighters, winners and losers) when compared with figure 1a ). The expression of c-fos in Dm,Vs and POA was higher in both winners and losers than in mirrorfighters, whereas in Dl and Vv mirror-fighter mRNA levels were not significantly different from those of winners, but were different from those of losers (figure 1a). Regarding egr-1, planned comparison analyses revealed that only two brain nuclei, Dl and POA, exhibited differential activation in relation to social behaviour state (figure 1b). In Dl, mRNA levels of egr-1 were not significantly different between mirror-fighters, winners and losers, but mirror-fighters and losers were significantly different from the reference group (i.e. isolation , winners, losers; figure 1b). The expression of egr-1 in the POA was significantly higher in all social behaviour states than in the reference group, and there were no significant differences among the three social behaviour states (i.e. isolation , mirror ¼ winners ¼ losers; figure 1b). From the correlation matrices it can also be seen that each social behaviour state has different sets of significant correlations between different network nodes, which are indicative of behaviour state-specific co-activation patterns (figure 2). Cluster analysis confirmed these different co-activation patterns, as different clusters were found for each social behaviour state (electronic supplementary material, figure S1 ). The structural characterization of the c-fos SDM networks revealed that in the isolation group there was no evident central nucleus as the values for all areas were very similar, except for POA, which was the most peripheral nucleus. This network appears to have very similar connections (number of relations between the nodes) given no extra weight to any specific area in the expression of this neutral behaviour state (table 2) . For mirror-fighters, Vs was the most central nucleus and the Dm was the most marginal one. For winners, POA and Vs were the most connected ones and Dl the less associated nucleus (table 2) . Finally, in losers, POA was the most central area (table 2) . Regarding cohesion, the density of the c-fos SDM network was significantly higher in the isolation group than in any of the other social behaviour states (versus mirror-fighters: t ¼ 2.831, p ¼ 0.0002; versus winners: t ¼ 2.947, p ¼ 0.0018; versus losers: t ¼ 1.929, p ¼ 0.0184; table 2), and all the other comparisons were not statistically significant.
Expression of egr-1 also showed distinct co-activation patterns for each social behaviour state (figure 2), as indicated Table 2 . Quantitative characterization of the SDM network for each social behaviour state, using c-fos or egr-1 as reporters of neuronal activity. Values correspond to centrality measures (eigenvalues) for each network node: Dm, medial zone of the dorsal telencephalic area; Dl, lateral zone of the dorsal telencephalic area; Vv, ventral nucleus of the ventral telencephalic area; Vs, supracommissural nucleus of the ventral telencephalic area; POA, preoptic area and cohesion (density) for each behaviour state. figure S2 ). The structural characterization of the egr-1 SDM networks showed variation in the most central areas across social behaviour states. In the isolation group they were the Dl and Dm, whereas in mirror-fighters, winners and losers the most well-connected areas were the Dm, Vv and Vs, and Vs, respectively (table 2) . Concerning network cohesion, the more densely connected egr-1 network was observed in mirror-fighters (0.414), which was significantly more connected than that of winners (t ¼ 2.055, p ¼ 0.0280), and that of winners was also more densely connected than that of isolated fish (t ¼ 1.6311, p ¼ 0.0428).
Egr-1 and c-fos expression patterns and clusters for the same social behaviour states also showed clear distinctions (figure 2; electronic supplementary material, S1 and S2). Correlation analyses between c-fos and egr-1 expression for the same brain nuclei and social behaviour state showed a general lack of association between the expression of these two IEGs (electronic supplementary material, figure S3 ). Notable exceptions were the expression of c-fos and egr-1 in Vs in the mirror group and in Vv in the isolation group (with r ¼ 0.94 and r ¼ 0.72, respectively).
(e) Association between immediate early gene expression and behaviour
Correlation analyses between aggressive and submissive behaviour and IEG expression in different brain nuclei for different social contexts showed no significant results either for c-fos or egr-1 (electronic supplementary material, figure S4 ). However, for c-fos there was a tendency for negative correlations between aggressive behaviour in winners and expression levels in Dl, Vv and Vs (r ¼ 20.54, p ¼ 0.072; r ¼ 20.51, p ¼ 0.088; and r ¼ 20.59, p ¼ 0.071, respectively).
For egr-1, we found a single close-to-significant positive correlation between submissive behaviour in losers and expression in Vv (r ¼ 0.61, p ¼ 0.063).
Discussion
Here we provide functional evidence that supports the SDM network hypothesis in zebrafish by confirming its implicit assumption that SDM relies on integration across different regions of the network, rather than on regional specialization of specific network nodes. Specifically, we showed that there were no specific patterns of localized activity in a given node associated with specific social behaviour states, whereas the expression of socially driven behavioural behaviour states was associated with specific patterns of functional connectivity across the SDM network. These results suggest that the neural context in which a given node of the network is operating (that is, the state of its interconnected areas) is central to its functional relevance. Interestingly, IEG expression for c-fos and egr-1 showed distinct neuronal activation patterns for all the considered social contexts (mirror, winners, losers; electronic supplementary material, figure S5 ), which also suggests that these genes are not working in unity but their activity rather reflects different behaviour state-related processes; c-fos appears to be a good neuronal marker for general brain activity, as all brain nuclei in all conditions responded to social interactions with an increase of c-fos mRNA levels in comparison to the reference non-social group, whereas egr-1 expression seems to be more region-and process-specific.
(a) Functional localization
Although there were main effects of both social behaviour state and brain nuclei on the expression levels of both immediate early genes, in both cases, the interaction between social behaviour state and brain region was not significant, indicating independence between social behaviour state and regional differences in gene expression. The subsequent planned comparisons of neuronal activity, as indicated by IEG expression, confirmed the lack of functional localization of social behaviour states in any of the tested nodes of the SDM network. When comparing each of the three social behaviour states against the non-social reference behaviour state (i.e. isolation) the c-fos data indicated an activation of all brain regions in all behaviour states, whereas egr-1 data only revealed activation of POA for all behaviour states and of Dl for mirror-fighters and losers. Moreover, when comparing the three social behaviour states among themselves (i.e. winners versus losers versus mirror-fighters), different behaviour states shared the same patterns of localized activity. For example, despite the contrasting behaviour states winners and losers had similar levels of c-fos expression in all studied brain regions, and the three social behaviour states (i.e. winners, losers and mirror-fighters) shared similar egr-1 expression levels in the two brain nuclei where this gene responded to social experience (i.e. Dl and POA). Furthermore, winners and mirror-fighters also had similar levels of c-fos expression in Dl and Vv. These results are coincident with those reported for another fish species, the African cichlid Astatotilapia burtoni, where stable dominant and stable subordinate males express different status-specific behavioural profiles, which are also not paralleled by differences in either c-fos or egr-1 expression in any of the studied nodes of the SDM network-which in this case also included, the anterior (ATn) and the ventral tuberal nuclei (VTn) [37] . However, in another study with the same species winners and losers of an acute agonistic interaction show different expression profiles across the network, with localized higher expression of c-fos in the POA and the ATn, and of egr-1 in Dm, Dl, Vv, Vs and VTn of losers [38] . Together these results suggest that socially driven changes in neuronal activation in the SDM network are transient, and that stable social behaviour states do not rely on localized differences in brain activity. Accordingly, the observed behavioural states of winners and losers in this experiment should be seen as stable status-dependent states. This view is supported by the fact that winner and loser effects are observed in zebrafish at least 1 h after a single status establishing fight [27] . Although lacking a behaviour state-specific pattern of activation, from the brain regions studied here, Vs was the one that responded the most to social interactions. This region has been proposed as a teleost putative homologue of the mammalian medial amygdala based on hodological, genomic and functional evidence [4] . However, this view has been recently questioned by a study of molecular markers in the adult zebrafish brain, which suggests that the dorsal and medial Vs are homologous to the central amygdala rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20151099 and its ventral part to the bed nucleus of the stria terminalis [39] . Independent of one-to-one homologies between Vs and specific components of the mammalian amygdala, our study supports the central role of this region in the processing of social information.
Finally, the comparison between winners and mirrorfighters, which share similar behavioural outputs (i.e. both are aggressive) but perceive different behaviours on their opponents (i.e. winners have submissive opponents and mirror-fighters face an aggressive opponent), potentially allows the identification of areas whose activity is better explained either by motor (i.e. when activity is similar between winners and mirror-fighters) or by perceptual information processing (i.e. when activity is different between them). According to this rationale perceptual processes were associated with amygdala (i.e. Dm and Vs) and preoptic c-fos expression, whereas behavioural output was associated with c-fos expression in Dl and Vv and with egr-1 expression in Dl and POA. Thus, this approach revealed a functional differentiation between the two IEGs used in this study, with c-fos more associated with perceptual processes and egr-1 exclusively associated with behavioural output.
(b) Functional connectivity
Our results showed that different social behaviour states exhibited different patterns of functional connectivity, as evidenced by: (i) lack of association between any two correlation matrices that capture the patterns of co-activation of SDM nodes for each social behaviour state (there was only one close to significant association, between isolation and losers for c-fos, and it had a negative sign, indicating opposite and not coincident co-activation patterns); (ii) different clusters (i.e. sub-networks) present in each social behaviour state; (iii) different nodes occupying the central position in the network in each social behaviour state; and (iv) significantly different densities of connections in each social behaviour state. For c-fos, the non-social reference treatment was the one that presented the lowest activity in each node and the most connected SDM network, which breaks apart into different functional networks in the other three social behaviour states without significant differences in connectivity among them (electronic supplementary material, figure S5 ). This result resembles resting-state functional connectivity networks observed in fMRI human cognition studies, which have been interpreted as intrinsic neural activity reflecting the underlying structural connectivity architecture of the network [40, 41] . Similarly, for the SDM network this high functional connectivity in the non-social state may reflect the known reciprocal anatomical connections among the different nodes of the network. For egr-1, mirrorfighters were the behaviour state that presented the most densely connected SDM network, with winners presenting the lowest connectivity.
The fact that c-fos and egr-1 expression depict different functional networks (i.e. for the same social behaviour state, the two IEGs show different patterns of co-activation across the SDM network; electronic supplementary material, figure S5 ) suggests that different socially driven neuromolecular processes are operating in parallel and that different connectivity layers, corresponding to each of these processes, can be simultaneously present in the SDM network. This possibility contradicts the classic view of a single functional connectivity pattern associated with a specific behavioural behaviour state. Indeed different information-processing processes (e.g. attention, memory, decision-making) may contribute to the same social behaviour state, and each of these processes may be differentially represented in the network by different signalling pathways. For example, in the case of egr-1, its expression has been classically associated with the induction of LTP and the expression of long-term memories in mammals [42] . Similarly in the electric fish Apteronotus leptorhynchus, egr-1 expression in the dorsal telencephalon has been associated with the memory of individual conspecifics based on their electric organ discharge frequency, and this memory can last for several days [43] . Thus, the observed expression of egr-1 in Dl and its associated sub-networks may reflect social memory formation in some of the social behaviour states.
Conclusion
The results presented here provide functional support to the SDM network hypothesis [4, 7] , as we have identified functionally connected networks that integrate nodes from both the mesolimbic system and the social behaviour network. Our results also show that the functional relevance of each network node to the social behaviour state depends on the activity in the network nodes to which they are connected, thus highlighting the relevance of neural context for social behaviour states.
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